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Miki K, Kumar A, Yang R, Killeen ME, Delude RL. Extracellular activation of arginase-1 decreases enterocyte inducible nitric oxide synthase activity during systemic inflammation. Am J Physiol Gastrointest Liver Physiol 297: G840 -G848, 2009. First published August 27, 2009 ; doi:10.1152/ajpgi.90716.2008.-Liver dysfunction secondary to severe inflammation is associated with the release of enzymes normally sequestered within hepatocytes. The purpose of these studies was to test the hypothesis that these enzymes are released, at least in part, to modulate potentially deleterious inflammatory processes in distant tissues like the gut. Human Caco-2BBe enterocyte-like cells were exposed to cytomix (IFN-␥, TNF-␣, and IL-1␤) in the absence or presence of human liver cytosol (LC). Nitric oxide (NO • ) and inducible nitric oxide synthase (iNOS) protein production were measured by the Griess assay and Western analysis, respectively. Cytomix induced the expression of iNOS and release of NO
• . LC protein (400 g/ml) added to the basal compartment but not apical compartment completely blocked the release of NO
• but only slightly decreased the magnitude of iNOS protein induction. Ultrafiltration and ultracentrifugation studies demonstrated that microsomeassociated arginase-1 activity was the iNOS-suppressing activity in LC. Liver arginase required activation by a Ͻ10-kDa factor that was present in supernatants of cytomix-stimulated cells. The selective iNOS inhibitor L-N 6 -(1-iminoethyl)-lysine ⅐ 2HCl prevented production of this factor. The biotin switch assay detected increased Snitrosylation of arginase-1 after incubation with supernatants from immunostimulated Caco-2 cells. Serum from endotoxemic mice contained significantly greater arginase activity compared with serum from control mice. Furthermore, the ratio of mucosal monomeric to dimeric iNOS increased in endotoxemic mice compared with controls. Thus reciprocal activation of arginase-1 and modulation of mucosal iNOS activity may be protective because it would be expected to decrease NO
• -dependent intestinal barrier dysfunction on that basis.
shock; systemic inflammatory response syndrome; liver damage IMMUNOSTIMULATED INTESTINAL epithelial cells express inducible nitric oxide synthase (iNOS) and generate significant amounts of nitric oxide (NO • ) (25, 32) . Although NO • dilates arterioles in the gut increasing microcirculatory flow (35) , excessive NO • production has been implicated in decreased mucosal barrier function (7) . The latter process has been proposed to act as the "engine" that drives systemic inflammation during severe sepsis (9, 37) . Thus altering iNOS activity during systemic inflammation may have both beneficial and exacerbating effects on pathological and physiological processes, respectively. Severe systemic inflammation is often associated with liver dysfunction that is monitored clinically by measuring the appearance of intracellular hepatic enzymes including ␥-glutamyl transpeptidase, alkaline phosphatase, alanine aminotransferase, or aspartate aminotransferase in circulating plasma (16, 19, 30) . Arginase type I (Arg-1), which is constitutively expressed predominantly in liver cytosol (LC), is also released to the circulatory system when liver function is compromised (27) . For example, arginase activity in serum was shown to increase over 170-fold in a rat bile duct ligation model (15) .
The energy expenditure associated with releasing significant quantities of normally cytosolic proteins from the liver to the circulatory compartment led us to hypothesize that these proteins may be actively secreted by inflamed hepatocytes to modulate metabolite-dependent processes in the host. We tested this hypothesis by determining whether enzymes present in normal LC can preserve intestinal epithelial barrier function during inflammation. We chose this readout because epithelial barrier dysfunction has been proposed as an important process underlying the progressive loss of organ function observed in severe sepsis (12) . NO • synthases (NOS) produce NO • and L-citrulline (Cit) using L-arginine (Arg) and O 2 as substrates. Arg can also be metabolized to urea and L-ornithine (Orn) via Arg-1 and 2. This competition between NOS and arginase for Arg has been reported in diverse inflammatory states (4, 10, 21, 36) . There have been several reports discussing the balance of iNOS and Arg-1 in the intestine under certain pathological conditions (14, 15) . It has been proposed that bacteria and other microbes can deplete environmental Arg as a survival strategy by using their own arginase or host arginases to deplete Arg (6, 11, 38) and decrease NO
• production on that basis. In light of these considerations, one can imagine conditions in which liver arginase will influence gut iNOS activity following a localized or systemic inflammatory response.
Herein, we report that LC when added to immunostimulated epithelial monolayers decreases the release of NO
• and preserves barrier function on that basis. We further show that arginase activity is increased by incubation with immunostimulated but not resting cultures of enterocytes. Circulating Arg-1 protein increased early in endotoxemic mice, but the specific activity of the enzyme increased following a delay that appears to reflect time needed to increase iNOS activity in peripheral tissues. These findings may have important clinical implications for the use of Arg supplementation in the treatment of critically ill patients.
MATERIALS AND METHODS
Materials. Dulbecco's modified Eagle medium (DMEM) and phosphate-buffered saline (PBS) were from Bio-Whittaker (Walkersville, MD). Heat-decomplemented fetal bovine serum (FBS) was from Hyclone (Logan, UT). Human liver S9 pool BD Gentest (cat. no. 45291, lot. no. 73024) was centrifuged at 12,000 g for 30 min and then filtered by using 0.22 m Costar SPIN X centrifuge filters before use (Corning, NY). S-(2-boronoethyl)-L-cysteine (BEC) an inhibitor of Arg-1 and II (8) was from Calbiochem, EMD Chemical (San Diego, CA). L-N 6 -(1-iminoethyl)-lysine ⅐ 2HCl (L-NIL) was from Axora (San Diego, CA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA) unless otherwise noted.
Cells. Caco-2 BBe (referred to herein as Caco-2) cells (ATCC no. HTB37, human colon adenocarcinoma) were obtained from the American Type Culture Collection (Manassas, VA). Cells were grown in DMEM supplemented with 5% FBS, penicillin G (100 U/ml), streptomycin (100 g/ml), sodium pyruvate (2 mmol/l), 1% nonessential amino acids, and transferrin (0.1 mg/ml). Stock cultures were maintained in 75 cm 2 BioCoat collagen-coated dishes at 37°C in a 5% CO2 atmosphere and were split weekly. For experiments, cells were harvested and suspended at a density of 5 ϫ 10 5 cells/ml in culture media. Two milliliters of cells were added to each well of a six-well tissue culture plate or six-well Transwell bicameral chamber (0.4-m pore size; Costar) depending on the assay. After 21 days, some wells were stimulated with cytomix (10 ng/ml TNF, 10 ng/ml IL-1␤, and 1,000 U/ml IFN-␥) and incubated at 37°C in a 5% CO 2 atmosphere for the times indicated.
Animals. This research complied with regulations regarding animal care as published by the National Institutes of Health (NIH) and was approved by the Institutional Animal Use and Care Committee of the University of Pittsburgh. All animals were maintained in the University of Pittsburgh Animal Research Facility on a 12-h light-dark cycle with free access to standard laboratory chow and water. Animals were not fasted before experiments. Animals were anesthetized before surgical procedures with pentobarbital sodium (60 -90 mg/kg ip). Heparin anticoagulated plasma was drawn from 25-to 35-g male 12-wk-old C57B1/6J mice obtained from Jackson Laboratories (Bar Harbor, ME) at 0, 2, 6, 15, and 24 h after injection with PBS or lipopolysaccharide (LPS) (15 mg/kg) as published (42, 43) . To induce a systemic inflammatory response, mice were injected intraperitoneally with Escherichia coli (strain 0127:B8) LPS (15 mg/kg) dissolved in 1.0 ml of PBS. Control animals were injected with a similar volume of PBS without LPS.
Separation of iNOS dimmers and monomers. Caco-2 cells were incubated with or without cytomix, washed twice with ice-cold PBS, and then harvested in 1 ml of 25 mM Tris (pH 7.4) by use of a rubber policeman. Cells were sonicated at level 5 with a Fisher Scientific Sonic dismembrator using two 30-s pulses on ice. Insoluble material was collected by centrifugation at 15,000 g. The supernatant was filtered through 76-mm Advantec ultrafilters with a 200-kDa molecular weight cutoff (MWCO). The filtrate contained monomeric iNOS and the retentate contained dimeric active iNOS. The retentate represented a 15-fold concentration of the sample. This was subsequently adjusted to the starting volume with 20 mM Tris (pH 7.4). These proteins were then cleared of precipitated material with 0.22 m Costar SPIN X centrifuge filters.
Griess assay. Assays were performed as described (39) . Briefly, 200 l of sample was deproteinized with ZnSO4 (1.5% wt/vol). After centrifugation at 12,000 g for 5 min, the supernatants were shaken overnight with 0.6 g of activated Cd 2ϩ filings to convert NO 3 Ϫ to NO 2 Ϫ . Cd 2ϩ was removed and the samples were centrifuged at 12,000 g for 10 min, and 100 l of supernatant was mixed with an equal volume of Griess reagent in a 96-well flat-bottom microtiter plate. Absorbance was measured at 550 nm with a BioTek Synergy HT microplate reader.
Measurement of iNOS and arginase enzymatic activity using [ 3 H]LCit catabolism.
Cell-free medium was prepared from the supernatants of Caco-2 cells cultured for 18 h in fresh complete medium in the absence and presence of cytomix, 500 l of each supernatant was harvested and centrifuged at 1,000 g for 10 min to remove cell debris. LC (2 l; 20 mg/ml) was added to 25 l of each supernatant. The entire volume of supernatant was adjusted to a final reaction volume of 40 l and contained 50 mM Tris (pH 7.4), 1 mM NADPH, 20 mM tetrahydrobiopterin, 5 mM FAD, 5 mM flavin mononucleotide. The reaction was preincubated for 10 min at 37°C before addition of 10 l of 1 Ci/l [ 3 H]Arg (35-70 Ci/mmol, GE Healthcare) and incubation for an additional 2 h. The reaction mixture was adjusted to 1.5 mM CaCl 2 when iNOS activity was measured. The reaction was stopped by the addition of 0.4 ml ice-cold 5 mM HEPES stop buffer (pH 5.5) containing 5 mM EDTA. Reaction mixtures were applied to columns (0.5-cm diameter) containing 100 mg DOWEX 50W-X8 (Na ϩ form) cation exchange resin. The radioactivity of [ 3 H]L-Cit in the eluates was measured on a liquid scintillation counter (RackBeta, LKBWallac, Turku, Finland). iNOS-specific arginase activity was calculated by performing the reactions in the absence or presence of L-NIL (40) . The total conversion rate was subtracted by the conversion rate in the presence of L-NIL to obtain iNOS activity. In the same way, the activity of arginase in the extract was determined by use of BEC.
Arginase activity was measured as described previously with minor modifications (43) . Briefly, a sample (150 l) was added to 100 l of 50 mM Tris (pH 7.5) containing 10 mM MnCl 2. The hydrolysis reaction of Arg by arginase was performed by incubating the mixture containing activated arginase with 100 l of Arg (0.5 M, pH 9.7) at 37°C for 1 h and was stopped by adding 900 l of a mixture of concentrated H 2SO4-H3PO4-H2O at a ratio of 1:3:7. The basal level of urea was measured in the same volume of sample that was kept on ice during the incubation time. For colorimetric determination of urea, ␣-isonitrosopropiophenone (25 l, 9% in absolute ethanol) was added and the mixture was heated at 100°C for 15 min. After placing the sample in the dark for 10 min at room temperature, we determined the urea concentration spectrophotometrically with absorbance at 540 nm measured with a microplate reader. The amount of urea produced was calculated by subtracting the basal urea level detected in samples kept on ice from the level detected in samples incubated at 37°C and was used as an index for arginase activity in serum.
Microsomal-compartment isolation from LC. LC (100 l) was diluted to 10 ml with isotonic Tris buffer (25 mM Tris, pH 7.4, 130 mM NaCl), and the solution was centrifuged at 16,000 g at 4°C for 30 min to remove intracellular organelles and cell debris. The supernatants were filtered through 0.2-m-pore filters and then subjected to ultracentrifugation at 100,000 g at 4°C for 1 h to pellet microsomes.
Biotin switch assay. All steps were performed as described previously (17) with minor modifications. Five milliliters of cell supernatant were collected and centrifuged at 300 g for 10 min to remove cell debris followed by another centrifugation at 16,000 g for 15 min. The supernatants were filtered through 10-kDa MWCO ultrafilters, mixed with 200 l of LC, and incubated at 37°C for 2 h. The samples were diluted to decrease the final protein concentration to 1.0 mg/ml followed by addition of freshly prepared S-methylmethanethiosulfonate (10% vol/vol in N,N-dimethylformamide; DMF) and SDS (25% vol/vol) to final concentrations of 30 mM and 2.5%, respectively. Following frequent vortexing at 50°C for 20 min, proteins were precipitated with two volumes of acetone at Ϫ20°C for 30 min. The proteins were recovered by centrifugation at 3,000 g for 10 min. The pellets were suspended in 40 l of 25 mM HEPES, pH 7.7, 0.1 mM EDTA, 0.01 mM neocuproine (HEN) buffer containing 5% SDS and mixed with 230 l of HEN buffer after pellets were completely dissolved. For labeling, the methylated samples were mixed with 90 l of biotin-N- [6-(biotinamido) hexyl]-3Ј-(2Ј-pyridyldithio)propionamide (HPDP) (4 mM in DMF; Pierce) and freshly prepared sodium ascorbate in pure water at a final concentration of 5 mM. Labeling reactions were performed in the dark at room temperature for 1 h.
The proteins were precipitated with two volumes of ice-cold acetone at Ϫ20°C for 30 min. The proteins were recovered by centrifugation at 3,000 g for 5 min, followed by gentle rinsing of the pellet with 1 ml of acetone. The washed pellet was then resuspended in 40 l of HEN buffer containing 5% SDS, followed by addition of 200 l of HEN buffer after pellets were completely dissolved. Subsequently, 750 l of neutralization buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, pH 7.5) were added. This material was incubated overnight at 4°C with 50 l of streptavidinagarose bead slurry. The beads were washed with 5 ϫ 1.4 ml of wash buffer (neutralization buffer ϩ 500 mM NaCl). The beads were eluted with 50 l of elution buffer [20 mM HEPES, 100 mM NaCl, 1 mM EDTA and 100 mM 2-mercaptoethanol (2ME)] at 37°C for 15 min followed by incubation at 50°C for 3 min. The eluted mixture was then analyzed by SDS-PAGE, followed by immunoblotting with anti-Arg-1 antibodies (1:200; sc-18355, Santa Cruz Biotechnology).
Western blot analysis. Equal volumes of cell-culture supernatant were mixed with 6ϫ loading buffer (375 mM Tris, pH 6.8, 50% glycerol, 0.03% bromophenol blue, 10% SDS, and 4% 2ME). After being boiled, the samples were subjected to 10.5% SDS-PAGE electrophoresis. The resolved proteins were transferred to PVDF membrane (Amersham Pharamacia Biotech, Leicestershire, UK) and blocked with Blotto buffer (1ϫ PBS, 1.0% nonfat milk, 0.2% Tween-20) for 1 h. The membrane was then incubated with a mouse anti-iNOS monoclonal antibody (BD Biosciences; Material no. 610432) diluted 1:1,000 in blocking buffer at 4°C overnight. The membrane was washed thrice with 1ϫ PBS containing 0.3% Triton X-100 (PBST), and immunoblots were exposed for 1 h at room temperature to a 1:3,000 dilution of horseradish peroxidase-conjugated rabbit anti-mouse secondary antibody. After three washes using 1ϫ PBST, the membrane was impregnated with ECL reagent (Amersham Pharmacia Biotech) and used to expose X-ray film according to the manufacturer's instructions.
RESULTS

Basolateral application of human LC to immunostimulated Caco-2 monolayers inhibits iNOS activity in a dose-and timedependent manner. Our laboratory and others have shown that iNOS-dependent NO
• production can decrease tight junction protein expression and decrease epithelial barrier function. We proposed that the multiple organ dysfunction syndrome is caused, at least in part, by decreased tight junction function, which results in loss of organ compartmentalization and function (12) . We first examined the effect of human LC on NO • production by immunostimulated Caco-2 cells on collagencoated dishes. LC suppressed iNOS activity completely when used at 400 g/ml (Fig. 1A) . However, the total amount of iNOS protein detected by Western blot analysis 24 h after stimulation was equivalent in cells cultured in both the absence and presence of LC (Fig. 1B) . Although iNOS protein expression was slightly delayed in cells exposed to LC compared with control cells (9-h time point in Fig. 1B) , this difference could not account for the huge decrease in the accumulation of NO 2 Ϫ /NO 3 Ϫ in these culture supernatants following exposure to LC. Monolayers cultured on semipermeable filters only responded to LC when added to the basolateral side regardless of the surface that was exposed to cytomix (Fig. 1C) . Eckmann and colleagues (11) reported that the majority of Arg on the apical side of Caco-2 monolayers is rapidly transported to the basolateral surface. iNOS was reported to be located at the apical edge of Caco-2 cells (31), whereas its substrate is sequestered exclusively on the basolateral side. LC inhibition of iNOS activity was dose dependent ( Fig. 2A) and still exerted some effects even when it was added after cytomix exposure (Fig. 2B) . This effect appears to be specific to liver cytosolic factors because Caco-2 cytosol had no effect on the production of NO
• by Caco-2 monolayers exposed to cytomix (data not shown).
Monolayers exposed to LC express monomeric iNOS. The data suggest that iNOS is inhibited posttranslationally. Monomeric and dimeric iNOS have molecular masses of 130 and 260 kDa, respectively, and its dimerization appears to be necessary for activation (1) . Ultrafiltration of Caco-2 extracts through membranes with a MWCO of 200 kDa was used to monitor iNOS dimerization. Western blotting revealed that in the absence of LC Caco-2 cells expressed ϳ25% dimeric and the remainder monomeric iNOS (Fig. 3B) . Protein extracts from immunostimulated Caco-2 cells exposed to LC expressed similar amounts of monomeric iNOS but expressed almost undetectable levels of the active dimeric form. 
. Liver cytosol (LC) decreases nitric oxide (NO
• ) production by suppressing inducible nitric oxide synthase (iNOS) activity only when applied to the basolateral side. Filtered human LC (400 g/ml) and cytomix were added together to culture medium of Caco-2 cells growing on collagen-coated dishes which were then incubated for 24 h at 37°C. A: NO 2 Ϫ /NO 3 Ϫ concentration in medium was measured by the Griess assay. B: iNOS protein expression was measured by Western blot analysis. C: the polarity of the suppressive effect of LC on NO
• was investigated with mature Caco-2 monolayers 21 days after seeding on the permeable membranes. Filtered LC (400 g/ml) and cytomix were added to either or both the apical and basolateral sides of the monolayer as indicated in the graph. The concentration of NO 2 Ϫ /NO 3 Ϫ was measured after 24 h of stimulation. The data shown here are representative of the same experiment, all of which were equivalent. *P Ͻ 0.05 vs. 0 h control.
The iNOS-suppressing factor in LC is microsomal Arg-1. To gain insight into the identity of the LC factor or factors that inhibit NO
• release, we separated LC as follows. LC was subjected to filtration through 0.2-m filters and then subjected to ultrafiltration to collect liver microsomes. The microsome pellet contained iNOS-suppressing activity (Fig. 4A ) and inhibited iNOS dimerization (Fig. 4B) but not the supernatant. When LC was or was not sonicated before ultrafiltration sequentially through MWCO of 200-, 100-, and 10-kDa filters the only significant difference when comparing samples that were sonicated and those that weren't was observed with the 100-to 200-kDa fraction (Fig. 4C) . These data indicate that this factor is a 100-to 200-kDa molecule present in the microsomal compartment of LC.
The iNOS-suppressing factor in LC is Arg-1. Taken together these data strongly suggest that Arg-1 is the factor in LC that decreases NO
• production from Caco-2 cells exposed to cytomix. Arg-1 forms a 107-kDa homotrimer (5) that partitions into hepatocyte microsomal fractions (13) . Arg depletion by Arg-1 inhibits iNOS dimerization in macrophages with a concomitant decrease in NOS activity (1) . We tested this hypothesis by incubating Caco-2 cells in the presence of cytomix and LC in the absence or presence of 5 mM Arg, which completely blocked the ability of LC to inhibit NO
• release (Fig. 5A ). Similar results were obtained when measuring cytomix-induced Caco-2 epithelial barrier dysfunction in the presence and absence of Arg (data not shown). The Arg-1 and Arg-2 inhibitor BEC effectively blocked the iNOS-suppressing activity when it was included in the culture at 1 mM (Fig. 5B ). Treating cells with anti-Arg-1 antibodies also blocked this affect of LC, but only after sonication of the extract (Fig. 5C ). This effect was observed when supplying Arg even 18 h after cytomix/LC addition (data not shown). Finally, arginase activity was measured by evaluating urea production in the culture supernatant. Addition of LC resulted in near maximal accumulation of urea within 9 h of culture stimulation (Fig. 5D ). These data lead us to conclude that the iNOS-suppressing factor in LC is Arg-1, which competes for available Arg with enterocyte iNOS.
Liver arginase is activated only after contact with the supernatants from immunostimulated but not resting Caco-2 cells. We next measured Arg-1 activity in LC by determining the conversion rate of Arg to Cit in vitro. LC arginase activity was low when it was measured in the presence of supernatant from nonstimulated Caco-2 cells or DMEM containing cytomix that had not been incubated with cells (Fig. 6A) . However, LC acquired significantly higher arginase activity when mixed with supernatants from immunostimulated Caco-2 cells. As expected, BEC blocked in vitro activated Arg-1 activity, but when L-NIL was added to the culture supernatant before assembling the assay it had no effect on Arg-1 activation by immunostimulated Caco-2 culture supernatants (Fig. 6B) . Similar results were observed with use of culture supernatants Fig. 3 . LC inhibits iNOS dimerization. A: Caco-2 monolayers were exposed to cytomix for the times indicated in the figure, and total protein extracts were prepared and analyzed by Western blotting. B: after fractionation of the nonreduced whole Caco-2 cell lysates by filtration with 200-kDa molecular weight cutoff (MWCO) ultrafilters, each compartment was reconstituted to the same volume and proteins were reduced by boiling with loading buffer containing 2-mercaptoethanol. Dimeric and monomeric iNOS was detected by Western blot analysis of the Ͼ200-kDa and Ͻ200-kDa compartments, respectively.
Fig. 2. The suppressive effect of LC on NO
• production is dose dependent and is apparent when LC is added after the inflammatory stimulus. A: a doseresponse curve of LC-iNOS inhibition was generated by adding 0 -1,000 g of LC per milliliter to Caco-2 monolayers exposed to cytomix for 24 h. The y-axis represents the amount of NOx released from cells during the time period. B: the ability of LC (400 g/ml) to inhibit NO
• production was tested by adding LC to the basolateral surface of the cultures at times indicated following addition of cytomix. subjected to ultracentrifugation before mixing with LC (data not shown).
One possible mechanism for this Arg-1 activation is Snitrosylation of Arg-1 (42) . The reported K m of NOS for Arg is in the 2-20 M range with a V max of ϳ1 mol⅐min Ϫ1 ⅐mg
Ϫ1
, whereas Arg-1 has a K m of 2-20 mM with an estimated V max of about 1,400 mol⅐min Ϫ1 ⅐mg Ϫ1 (26) . It was recently shown that Snitrosylation of Arg-1 decreases the K m sufficiently to allow Arg-1 to compete with iNOS for Arg over a wider concentration range (23, 33) . Arginase activation was induced by the cell supernatants even after filtration through 10-kDa MWCO membranes (data not shown), suggesting that a small molecule present in the supernatant of immunostimulated Caco-2 cells was acting as an NO
• donor. Consistent with this, we used the biotin switch assay to obtain data showing a 50% increase in S-nitrosylated Arg-1 in LC after incubation with supernatants of immunostimulated Caco-2 cells compared with resting cells, and this increase was blocked when L-NIL was included in the tissue culture media during cytomix stimulation (Fig. 6C) . This led us to hypothesize that synthetic NO • donors should also activate Arg-1 present in LC. Culture supernatants from unstimulated Caco-2 cells was incubated with LC in the presence and absence of two distinct NO • donors, DETA-NONOate and S-nitrosoglutathione (GSNO). Interestingly, however, this treatment did not activate Arg-1 in LC even at a concentration as high as 5 mM (data not shown).
iNOS dimerization was inhibited in gut mucosa of endotoxemic mice. C57Bl/6J mice were injected with 15 mg LPS/kg ip. Arg-1 in plasma and in ileal mucosa was detected by Western blot, and serum arginase activity was measured at 0, 2, 6, and 15 h following injection. Serum Arg-1 protein levels increased during the first 6 h and had decreased by 15 h after injection (Fig. 7A) . Mucosal levels of Arg-1 protein were very low during the first 6 h of endotoxemia and were sharply increased at the 15-h time point. Figure 7B shows the activity of arginase in serum by the production of urea. Interestingly, in contrast to decreased Arg-1 protein levels in serum after 15 h, the activity of circulating arginase activity peaked at that time point (Fig.  7B ). This suggests activation of circulating arginase presumably from exposure to peripheral tissues producing NO
• . Protein extracts were prepared from gut mucosa obtained from normal mice and mice 6 and 18 h after injection with endotoxin. Although the total amounts of iNOS varied with the individual animal, the relative amount of monomeric to dimeric iNOS was lower in mucosa at 18 h compared with 0 and 6 h (Fig. 7C) .
DISCUSSION
We hypothesized that increased circulating levels of digestive enzymes derived presumably from the liver during systemic inflammation or resulting from localized hepatic damage caused by drug-induced liver injuries including antibiotics or acetaminophen overdose, alcoholic cirrhosis, and viral infection. Interestingly, Arg-1 is one of the earliest cytoplasmic components to be released from hepatocytes in response to an inflammatory stimulus (27) . Given that Arg-1 does not need to be synthesized de novo, it would most likely be present in the circulation before iNOS protein is expressed in various tissues. Therefore, it would be available to modulate iNOS activity as it is activated in target organs and tissues. As a first test of this hypothesis we exposed immunostimulated Caco-2 cells to human LC to determine which if any liver cytosolic components would modulate cytokine-induced alterations in iNOSdependent NO
• production. Given the molecular complexity of LC, we were surprised that Arg-1 was the only factor needed to preserve epithelial barrier function (data not shown) and decrease iNOS activity in immunostimulated Caco-2 cells. Another enzyme to consider is Orn transcarbamylase, which converts Orn to Cit after arginase converts Arg to Orn and Fig. 4 . The iNOS-suppressing factor has an apparent molecular mass between 100 and 200 kDa and is present in the microsomal compartment of LC. The microsomal compartment was isolated from LC as described in MATERIALS AND METHODS. Immunostimulated Caco-2 cells were exposed to either resuspended microsomes or the postmicrosomal supernatant for 24 h. A: NO 2 Ϫ /NO 3 Ϫ concentration was measured by Griess assay. B: inhibition of iNOS dimerization by the resuspended microsomes (MS) was performed as described in Fig. 3 . C: 200 l of LC was diluted to 1 ml with isotonic Tris buffer (25 mM Tris, pH 7.4, 130 mM NaCl) and was or was not sonicated for 30 s on ice and then spun at 15,000 g for 10 min. The supernatant was filtered sequentially through MWCO of 200-, 100-, and 10-kDa membranes. Each retentate was reconstituted to the original volume with Tris buffer and then added to immunostimulated Caco-2 cells, and NO 2 Ϫ /NO 3 Ϫ concentration was measured by Griess assay. *P Ͻ 0.05 vs. control.
urea. This enzyme is known to exist in LC and may contribute to the depletion of Arg and inactivation of iNOS in addition to Arg-1. This enzyme exists predominantly in hepatocytes and small intestinal epithelial cells (24) , and its potential contribution to our findings remains to be investigated.
Interplay between cellular NOS and arginase has been reported in vascular endothelium, smooth muscle cells, immune cells including macrophages and lymphocytes, and the respiratory system (4, 10, 11, 36) . Most reports concerning induced circulating arginase levels during inflammation used Western blotting, reverse transcriptase PCR, and immunohistochemistry to detect changes in arginase expression. Values from conventional arginase assays were also reported. However, this assay was performed following heat activation of arginase in vitro. The usefulness of this information is limited as it represents total potential arginase activity in the sample and does not represent actual in vivo enzyme activity. Our studies are novel in that they show that immunostimulated cells in vitro are able to activate extracellular arginase in an iNOS-dependent manner. We also obtain in vivo evidence for the activation of circulating arginase activity by the local gut mucosa during a systemic inflammatory response.
It has been shown that iNOS requires Arg to induce its dimerization, which is required for NOS activation (11) . We confirmed that arginase suppresses iNOS activity in Caco-2 cells predominantly by depleting Arg levels, thus inhibiting iNOS dimerization (Fig. 3B) . Depletion of Arg also decreased the levels of iNOS protein to some extent (Figs. 1B  and 3B ). Astrocytes express significantly decreased levels of iNOS protein following Arg depletion by arginase, and this was associated with decreased phosphorylation of eukaryotic initiation factor elF2, which regulates translation of the iNOS message (20) .
We observed an unexpected requirement for Caco-2 cell immunostimulation for maximal activation of arginase present in LC, since conditioned supernatants from Caco-2 monolayers failed to increase LC arginase activity in vitro (Fig. 6A) . We found that this ability of activated Caco-2 cells to increase arginase activity could be inhibited by treating cells with L-NIL, supporting a role for NO
• in this process (Fig. 6B) . Addition of L-NIL to Fig. 5 . The iNOS-suppressing factor in liver cytosol is arginase. Caco-2 monolayers were exposed to cytomix for 24 h, and supernatants were assayed for the release of NO 2 Ϫ /NO 3 Ϫ by the Griess assay. A: addition of 5 mM Arg completely blocked the ability of LC to prevent NO • production. B: 1 mM S-(2-boronoethyl)-L-cystein (BEC) completely blocked the ability of LC to prevent NO
• production. C: LC (400 g/ml) was or was not sonicated before addition to supernatants of immunostimulated Caco-2 cells in the presence or absence of either mouse control IgG (50 g/ml) or anti-arginase type I (Arg-1) antibodies (50 g/ml). Antibodies were added at the start of the cytomix stimulation. Anti-Arg-1 antibody significantly decreased the ability of sonicated but not nonsonicated LC to decrease NO
• production from immunostimulated Caco-2 monolayers. D: urea concentration in the supernatants of immunostimulated Caco-2 cells was measured with or without LC (400 g/ml). Addition of LC resulted in near maximal accumulation of urea within 9 h of culture stimulation. *P Ͻ 0.05 vs. control.
postculture supernatants from cytomix-treated cells failed to inhibit activation of LC Arg-1 in vitro. This "arginase-activating factor" released by immunostimulated Caco-2 cells was less than 10 kDa. Data obtained using the biotin switch assay is consistent with S-nitrosylation of LC Arg-1 in supernatants from activated cells (Fig. 6C) . Nevertheless the NO
• donors GSNO and DETANONOate failed to increase LC Arg-1 activity in the presence of culture medium conditioned by resting Caco-2 cells. Together these results support a model in which iNOS-derived NO
• produced by immunostimulated enterocytes causes an unknown modification of key thiols in extracellular Arg-1, causing its activation. Our results suggest that activation of liver Arg-1 would still require some additional factor secreted by immunostimulated Caco-2 cells in addition to NO • . In this way, circulating Arg-1 that would be present during a systemic inflammatory response would be activated by NO
• only at sites where NOS is active. Finally we confirmed that arginase activity was significantly increased in endotoxemic murine serum between 6 and 18 h after injection with endotoxin (Fig. 7B) . This was in contrast to Arg-1 protein levels in serum, which peaked during the first 6 h of endotoxemia then returned to near baseline levels by 15 h (Fig.  7A) . Ileal mucosal Arg-1 protein staining was very low during the first 6 h of endotoxemia and greatest at 15 h. This also preceded the time point when iNOS existed primarily in its inactive monomeric form in mucosa (Fig. 7C ).
An important question that is not addressed in these studies concerns the source of increased Arg-1 protein in ileal mucosa that was observed at 15 h of endotoxemia. Is this increased Arg-1 synthesized de novo in immunostimulated mucosal tissue or does it reflect captured liver Arg-1 that has been activated by iNOS- Fig. 7 . Arg-1 activity is increased in the serum of endotoxemic mice model. A: arginase levels in serum and in ileal mucosa of endotoxemic mice challenged with 15 mg/kg of LPS was detected at 0, 2, 6, and 15 h after injection. The data shown are representative of 3 studies that gave equivalent results. B: arginase activity in serum was measured at each time point described in A (n ϭ 3 mice per group). C: iNOS dimerization is blocked in mucosa of endotoxemic mice. Ileal mucosa was harvested from control (0 h), 6 , and 18 h LPS-stimulated (15 mg/kg) mice, and proteins were extracted and fractionated by ultrafiltration with 200-kDa MWCO membranes as described in MATERIALS AND METHODS (representative of 3 separate experiments). Fig. 6 . Arginase in liver cytosol is activated by supernatant of immunostimulated Caco-2 cells. A: Caco-2 cells were treated with vehicle alone or cytomix for 18 h, 500 l of each supernatant was harvested and centrifuged at 1,000 g for 10 min to remove cell debris; 2 l of LC (20 mg/ml) was added to 25 l of each supernatant. After incubation for the times indicated in the figure the mixture was subjected to the arginase activity assay as described in MATERIALS AND METHODS. As a negative control cytomix was added to 2 l of LC in 25 l of DMEM and subjected to the arginase activity assay. B: in the same system, BEC (1 mM) and L-N 6 -(1-iminoethyl)-lysine ⅐ 2HCl (L-NIL; 700 M) were added, respectively, to be subjected to the urea assay as described in the same way as in Fig. 5D . C: to investigate S-nitrosylation of the Arg-1 in LC, LC was subjected to biotin switch assay as described in MATERIALS AND METHODS. *P Ͻ 0.05 vs. control.
derived NO
• generated in villous enterocytes? The finding that increased mucosal protein levels of Arg-1 were maximal at a time point when serum Arg-1 protein levels were lowest supports the latter hypothesis. Our results using Caco-2 cells would suggest that circulating Arg-1 is activated in an NO • -dependent manner when it is in the vicinity of the inflamed mucosa. Additional studies will be required to actually identify the source of ileal mucosal Arg-1 in this murine model of systemic inflammation.
The importance of circulating Arg levels was reviewed in a paper by Barbul in 1986 (2) in which he argued that Arg supplementation could be helpful in treating various diseases. Clinical studies of Arg supplementation to reverse the Argdeficient state observed in critically ill patients have met with mixed reviews (3, 4, 18, 22) . Our results suggest that Arg-1 is only activated systemically in patients that also experience iNOS activation. It can be argued that these patients should not receive Arg supplementation since it may exacerbate the effects of iNOS on epithelial dysfunction and increase morbidity and/or mortality associated with the multiple organ dysfunction syndrome (12) . Because liver arginase was reported to improve the survival rate in an LPS shock model following intravenous injection (41), we believe that further studies of the interplay between parenchymal iNOS and circulating Arg-1 are supported.
